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‘]’hc  Cassini  missiort  10 Srrlurn  cIIII)loys a Salurl]  ml)ilcx and a ‘l’iIan  probe Kr conduct art
inlcnsivc invcsligalirm  of llIC. SaturIlian  syslcm. ‘1’hc Cassini  orbilcr f l ies ser ies of orbits
incorjmrrrling  flybys of the Sa[urnian  salcllilcs  callc4i  tile. “sate.llilc tour”.  Ihrring h tour, the
gravitatior)al fict(is of liic. srrlclli[c.s  arc used to mortify and Conlrol  [IIC orbit, targc.ting  from
onc salcliilc.  f lyby 10 llIc next. “1’hc tour trajc~lm  y musl  also bc dc.signc. ri (0 rnaxinliz.c
opporlunilc.s  for scicnrx okwrva[ions,  suhjcc.1 10 ])lissior]-irIllmsc41  conslrain[s.  Tour design
slu(iic.s  Imvc im.n umiucm.1  for Cassini  m irlcn[ify  tIacics  and strategic.s for achieving liIcsc.
sonw[imcs  conflicting goals.  Conccps,  slralcgics,  find lcchniqucs  previously ric.vclopc41  for
ihc G:iiiic.o  lnission to Jupitc.r  have. been rno(iiflc.d, and ncw crnc.s have bcc.n cicvclopcd, to
mcf.1 llIc rcqllircmc.nls  of liIc Cassini  mission,

1. lN’i’ROI)lJ(:’I’ ioN”

“1’IIc Cassilli  mission wiii bc IIIc f]rsl 10 visil the Salurlliarl  systc.rn in [hc nlorc than two dcza(ic.s which wiii iIavc
c!apscxi since lhc Voyaf:cr nybys in 1980 :ild 1981.  Cawini  wiil cxmiucl  an irllcnsivc invc.sligalion  of Salurll, ils
rings, sale.]li[cs, and IIl:ip,r)c.l{)sl)t]c.rc. for four years.

Af[c.r its irlsc.rlio[l  into orbi[ about Saluril, Lhc Cassi]li  olbilcr  Iravcis  in a series of higiliy ciiip[ic.ai orbits ah]uf
Sa[urr].  “]’i)is  sc.ric.s of orbi[s  is rc,fcrrcd to as the. “sate.iiite. [our”. A iargc portion of llw rnissioll’s  scicm[ific
otljcc[ivcs  arc acxx]nll]lishc.rl  d{lring  ltlis  porlimt  of Ihc ]nissicm,  and lhc design of the tour lrajcc[ory  is aII
inlimrlant  faclor  in achieving these. objcrtivcs.

‘1’hc. (our con[air)s  al)])roxirlla[ciy  3S-40 close., “[argc.fc.d” fiyt)ys of Sa[urnian  sa[clii[cs.  A targc[cd  flyby is OIIC
wi]c.rc  llIc. orbi[cr’s  lrajc.clory has t~cc.n (ic,signc(t  10 pass  llllough  a s~)ccific.d airnpoint  (Iatilurtc,  Iongilu(fc,  ard
alli[udc,)  al closcs[ al] ImJach, in order 10 LIsc. llIc .salc.llitc.’s  g[avila[ional  in fluc.ncc Kr producr a dcsircxt  charlgc irl
[IIc. [rajcctory.  “1’argclc<i  flyl)ys arc, capahlc. of making large chan~cs in the orbiter’s trajectory. A sillglc targctc~i
flyt]y CaII change [IIC orlji[cr’s  Saturit-rc]a[ivc  vclrrcity  by IIundrcds  of rids. I:or comparison, IIIC mlal  AV
avdilablc  from liIc orhilcr’s  lhrwstc.rs is atmu[  5(K) m/s for liIc crllirc. tour containing 35.45 Crlcountcrs.

]{ach largclc4i  flyby is uscli  10 targc.1 lIIc, orbilc.r  to lhc next flyby. “1’lIc ahundancc  of airnpoinls  at cad salcili[c
c.acourllcr makes lmssii)]c  a large numbc.r of tours,  c.ach of which may .srrlisfy  many of lhc scientific objczlivcs  ill
(ii ffcrcnl w a y s .  Whiic il is rclalivc.iy  c.asy 10 (icsi~n  a lcmr [o satisfy  a n y  singk? scicnliflc  rcquircnmll, il is
difflcull 10 (icsign a single, lo~lr which complc.lc.ty  fulfills all llw rc.(iuircrnc.nls, txxausc, lhc trajcctoric.s  IIcc41c.(i 10
satisfy {ii ffcrcli[  scicr][iflc  rcquircn]cllls  aIc oflcl] rtissilaikrr,

“1’our design invdvcs  nlaxi]niz.ing  scic.ncc rc.turn ill con~]rcling .scicnliflc  areas while  satisfying n]ission-irnposcd
c.onslraints.  “l”his is a complc.x  task, as cxpc.ricncc in ctc.sigllillg .satc.llitc  tours  for the Cialilca mission 10 Ju~li[cr
showc.d (Wolf and I]yrl]c.s,  1993; 1) ’An]ario,  l]right,  a[l(l Wolf, 1992). ‘I”our rlcsign  stu(iic.s have trccn conducted
for Cassini  building on [he, wcal[h  of Cxpcricrlcc  gained front Gali]co.  I“rarlcs  bc[wcm areas of scicrllif]c i]tlc.rcsl
and rnclimis  of mcc.[ing conslrair]ls  arc c.xaminc.(i iicrc,  and {i .samplc tour is prc.scnmi.

“1’tm  Cassilii  s]mcc,craf[ Cari-ics  lhc lluygc.ns  a[rnosjhcric  ])robc.,  which is rdc.asd  irlto  lim a[]iios})hclc  of ‘1’i[arl
Ilimn ariival  at Sa[uri],  a maneuver is I)e.rforrncri m siow ti)c. s])ac.ccraf[  and insm it into orbit about  Sah]n).  Nc.al
ltm firsl a])oapsis,  anolim  rnarmvc.r  is Iwfornmi whicil  sirl)lrll:illcc)  llsiy raises the. pcriapsis  disla[lcc from Sa[urii
and Iarg,c.Is  lhc si)acc.crafl  10 lilt, (ic.sircxi flyl)y ailnl  mint a[ “i’i(;in. Closer 10 “l”i[an, lhc. s~mcc.craf[  (bolt]  orbilc.  r :in(i
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p obc) is mane.uvcmd mm a ‘1’ilan impac.1  11 ajcmry. ‘1’hc orbilcr  lhcn separates from Ibc probe and performs a
maneuver which dcfic.cls  it iiway  from impacv onto the ttcsircxl flyby trajcmry. l’k probe cmlinucs  on the
impacl  mrjcmrry, enters  the at mosphcrc., and rc.lays  ils data through ltw orbi(cr  10 l~arltl  as [k orbiter fl ic.s
overhead. l’hc probe. mission is described in detail in Scclion  4. Ttlc orbilcr  cor~~irlucs on along  tbc [our
Irajcctm  y.

“J’hc scicn[ific invcs[iga[iom  m bc performed by IIIC Cassini orbiter can bc rlividcd  into  five areas:
Salunl,  tbc Salurlliall  Ill:igrlc.lc)sj)l]crc, “1’itan (Sa[um’s  Iargc.sl sa[clli[c),  [hc icy sale.llilcs (lhosc. other than ‘1’ilall),
al]d Ibc rings.

?.t Salurn

Obsc.r vations  of cloud features anti o[bcr  dynamics in h Sa(urnian  amos]hcre can only bc ma(ic. of
sunlil  lmrliolls of Salurll. Obsc.rvalions  at pilasc an~ics of 1 S (icf:. or icss  for iw.rimis  of ?0 imrs or mmc ([wo
Iolalionai  pcrio(is  of Sa[urn)  arc of ]mrlicuiar  inlcrcs[  to aiimv lnovics  of [im almospilc.rc  10 k maric.

Ra(iio  scicncc  cxpcrimcnls  as wcii  as irnagc.s can shd iip,ilt on Sahm’s  amospilc.rc, WimI the orbiter
imsscs  i)cilin(i  Sa[unl  [is vic.wcd from }{ar[h, radio sigwris  frmlt  l}ic orbilm  arc nm cut Off. Inslcari,  lim.y arc rc.-
fractcd  by [im (icnsc. Sa[un]ian  alrnosiherc cm tllcir way 10 }iarlil.  IIccausc a grc.al cicai of information cm ti)c.
a[lnosj)tlcrc  alt(i rwi~itclic  ficid  may be glca JIcri by arlaiysis  of lim rcfractcd  poiari~.eci  sigplais, paws bchin(i
Salur[~ a[c (icsirc41 in [tic. tour. SuciI imscs arc. caiicd  Occuilali(jlls  of I;allh by Saturn.  as vic.wc<i  fronl  lilt. orbitcx.

?.? h4:]p,rlc.[(Js])i]cI  ic Scicncc

Mapi)i[lp,  of [he Sa[urnian  l]~ag[~c.tosi)t]c.rc is a i}igll-i)l iori[y  goal. In or(ic.r 10 acbic.vc it, tile  space.craft
ln~lsl cover as larf:c  as Ix)ssitlic a rcgiml  aroun(i  tile t)iarm[ ovc.1 as iqe a range of (iislanccs  as Possii)ic.

Of imrlicuiar  in[crcst arc. passages through  Ii)c Saturllian  magr]clolaii,  wilich streams out fmn Saturn  in
a silalm  rou~, i]iy Ic.sc. rl)biil)f, a windsmk  in [hc [iircc [ion q)posi[c  (k sun. ‘1’k  region of grcalcsl  scicnlif]c
il][crcsl  lies willlill  3 Saturrl  rariii  (}<S) of the anti-sun iinc at dislanccs of 40 RS or grcalcr.

Aiso (ic.silc(i  arc passages ~ilrougil  magrlc[ic  flci(i iirms ir~tcrsc<ting [k aurorai region. ‘1’hc aumrai
l~>j:it~l) lies aI :l])l)r(~xil~~:i[c.iy  75-80 rmrlh  ]a[itu(ic,,  which Inc.ans an irlciillation  of 7S-80 dc.g. must bc achic.vcd  ill
olcirr  10 imss  ll]rou~h  ll)c flci(i iincs  awocia[c4i  wi[b lhc aumr:i.

Sa(cili(c  “wakc,s”  ;~rc crcatc,d  as charged particic.s  trappcci  irl Saturnts nlagimlic  flcid  swmp by tbc.
sa[clli(c.s. Salu  I n ’ s  [Ila?,nclic  fici(i  Iolatcs  wi[h  Salunl  at a  ralc faslc.r [ban lbe. ro[a[ion ra[cs of llIc sa[c.iiitcs
alour)(i  Saturn.  ‘J’bc.rcf  ore, llIc wakes slrc~m  out in fron[ of cacb .sa[c.liitc. .Scvcral i)assagcs  tbrougb  I’i[an’s  wake
arc (ic.sil-c,(i,  as wcii as tbrougi]  li)c wake.s of icy sate.iii[cs. Wake. imsc,s arc acilic.vc.d  with flybys mar  a .sa[cliiLc’s
cqua[or  over [hc sa[clii[c’s  Ica(iing edge. As (tic following (iiscussimt  wiil  show, such flybys rcxiucc  orbital
per io(i. Ano[im rcp,ion  of inkrc.s[  is the. “flux Iubc”. l’ias!na moving  hy a sate.iiilc gc.ncram a wave iii Salurll’s
rna~rtctic  fici(i wi]icil  propaga[cs  in a region iocalc~i  ap])roxirnatciy  over a satciiilc’s  poles, Liilc(i  lowar(i  tiIc
(iircz[ion of rno[ion of IiIC sate.iiitc. I’assagcs through fiux [ubc rc~ions  arc achic.vc.(i  by flying ncariy  over a
sa[cili  [c’s imic..

2.3 “1’it;ln

‘1’ilal]  is Saturn’s Iargcsl  moon. A (icnse a[mosphcrc.  ilicics  ils su[facc.  from vic.wf. }Ioth  [hc surface. an(i
am mspi]c.rc.  of I’itan  arc. of great scicmt ifk interest. ‘Ik Cawini  proi~ is (icsiglmi  [o provide in-situ observations
of IIIC almosphcrc..  l<a(iio-w.cllltatic)  r]s of Salur[l (passes of the mbilcr  bchimi ‘1’itan as viewed from Ilarlb) arc.
(icsirc(i  for tiIc information tiIcy  can provi(ic  on Titan’s fi[nlosidtcre.  Scvcrai  occultations arc [icsirc{i, wili)
c.r][ry/c.xit  points  sl)rc.ad out over a wi(ic. range of iatit[l(ic.s and iongi[u(ic.s.  aiiowing  sarnpiirrg  of points
lttroup,bou( (bc atmosi)itcrc.

‘J’iIc Cassini  orbi[er  carries a radar in or(icr to ma]) ti)c surfac.c, of ‘1’ilan. IMring each ciosc al)proaci),  a
ra(iar  swath is lake])  wilicil covers a smati pmicrn  of ‘1’itan’s  surfac.c.  In mic.r 10 maximize lbc area rnappc(i  on
‘1’itan’s  surface, il is nccc.ssary  m inccrrporatc  as many ‘i”i[an ilyi)ys :is  pcrssiblc  in the tour. and m arr:ingc them so
liIal  tiIc. s])accclaft ftic.s ovc.r (ii ffcrcnt pam of the surface.

2.4 Saturn’s Olilc.r  salciii[c.s
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‘1’hc Salcliitcs  olhcr  than ~“ilan  arc a l s o  ohjcc[s Of considcrahlc  scicm[ific  intcrc.st. Ilw+gcs of [tmc
salcililcs could con[ribulc.  m the unlocking of some.  of lhc myslcrics surrcmnctin~  lhcsc bodies. 7“hc Samllilcs  of
grcalcs[ inlcrcsl  arc. Iapctus, Iincda(tus.  Ilionc, 1 Iypcrirm,  and Mimas.  Iapms’  Icading wlgc is much darker dlan
ils tlailing  c.dgc,  for rc.asons unknown. l:ncclartus  has a particularly snmoltl  surface, and Saturn’s  E ring has an
incrcasrxi  parliclc. dcmsi[y  i n  [tic vic.illity  of P,ncc.larim’ orbil.  Ijicrnc ai]pc.ars  to have a cfivmc sur face
composition; its posi[ion in Saturn’s magnetic flcld  may offer an especially good chance to observe
magncmsphcric  wake, irrtcraciions.  llylwrion  is irregularly shapal,  and a C 1OSC flyby is dc.sired in ordc.r  to
acc.  uratcly  ciclc.r[ninc its mass. Mimas is the. CIOSCS1 satcllilc,  10 Saturn. Observations of interactions bctwc.c[]

hlimas  and (lIC rings arc desired, as WCJI as images of its Iargc i[nl)ac[  cram.

?.S Rings

I’asses behind the rings provicfc.  the. crpporlunily 10 usc distorlirm in the radio  signal from lhc spacccf:ift
10 dc.lcrminc r ing composit ion and parliclc  siz.c. “1’hc.sc.  passes arc rc.fcrrcd  10 as ring occultations. Onc
]mrlicularly  desirable. tyI)c of ring occulla[ion occurs  whcm II)c spaccfrafl  passes dircclly  across Ihc rniddlc of lhc
]Ilar]cl  (and lhc rings) from onc side (0 [I)c o[hcr. ‘1’his  is rcfcrrcd 10 as an %qualorial  Occulla[ion”.  Scvc.ral
equatorial Occllllaliol]s  arc. (icsirc.(i  irl lilt  lou[.

Viewing the rings fronl above is aiso in~lmrlall[.  AI ia[itu(ics  of S5 {icg.  or ilighc.r,  ti)c rings arc, visible
arol]nd  Ihc. c.nlirc, (iisk of Satun).  Ac. ilic. virlp, tin irlciinai  ion of at icast 55 dcp,. (iurirrg  ti)c. tour is Lhcmforc a Iligh
i)riorily for ring sciclicc..

3. ‘1’olJI< I)i~Sl(iN  (’ON(’1~1~1’S

l)uring I}m iour, lhc gravii;i[ional  flclds of sate.ililcs arc. uscxi  to make large alicrations  in the Lrajcclory.  “]’hc
concc.iM of gravitat ional assis[  has lw.c.n cxtc.nsivc.iy  rfiscussc(i  i]rcviously  (LJphC)ff  CI al, 1979;  Mirmviich,  1972.;
Nichoff, 1971) and cmployc.d  in previous rilissions. lrl brief, :i sa[ciiilc  ftyby  can change the direction, but noI Iilc
nlagnilu(ic., of tim ori)itcr’s  vc.locity  rcia[ivc.  [o (i)c. sa[cili[c. ‘]”tlis change. in the dircc[ion of ti}c wtcllitc.-  rci:i[il’c.
vc]ociiy  vcc!or can change. brrli] lim  (iircclion  an(i lilt nlagllilu(ic.  of lim  orbimr’s  vclocily  vcc~or relative 10 Il)c
cclllrai  body (Salur-n, in lhc. case of li]c.  (’assini  tour). Sillcc  [:ravi[atiorlal  awisi is functanlcntal  10 [our dcsik!ll, it is
cxlhrcd in grca[cr dc.lail  in Ibis sccliotl.

I It liIc vicinily of a salcllilc,  liIc orbilcr’s  lrajcclor  y aJ)})roxilimlcs  a sale.iiitc-cchlcrc.ci ilyimtnia.  ‘1’hc salciiilc  -
rcta(ivc vcloci[y  vccmr aiorlg li)c irlcominp,  ;i$ylnp[olc of [Ilis hyperbola (c.allcxl  VW) is cmmpumt  by subtrac[irlg
Iim .satclii(c’s Sa[nrr]-ccnlcrc4i vclocily  from lhc rrri~ilcJ  ‘s. “1’IIc  orl)i[cr  al)p[oac.ilcs  from “in flnily’)  (i, c., a ]x)ilil  far

Cnough  from [he, Sa[c.]!ilc  10 bc rrrrtsi(ic. iLs graviia[iold  irlfiucl)cc)  aiorlg  lhc inc.mning  asymptm  of the hy~)crhoi:i
with a salclli[e-rclalivc  srxxxi  of VW. 11 fyrlltcrs si)ct.d :]s il n e a r s  li)c sateliilc.,  allaining  its grc.a[csl .salcliilc-

rc.lalivc slwc.d ai close.sl approach. 11s sa[cllilc.-rc.lalivc  spcc.d dccrcasc.s m Vm  as it dc.f)arLs  along the out~oirl~
:isym])lolc.  ‘i”iIc angic bclwccn ils i]lcornillg  all(i olr[goi[l~  ;isyrtljIlo[cX  is rcfcrrc4i 10 as lhc bcmiing angic. “1’hc
fiyby  alliiu(ic ncccssary  to achic.vc. a .givcn bending angle is cic.tcrlrlincd  by lhc. following cqualion:

s in  ([]./2)  = i/ (1+ rl)Vc.3 ? /p) (1)

w,tlcrc u is liic, bc,ndillg angle, r]) is Ilm cioscs[ al)~)roacil r:i(iius. VW is the. samlliic.-rc,laiivc  slm.d a~ illfirli[y  alorlp,

ciliwr asymptolc.,  a[l(i ~1 is lilt sale. l l i lc’s mass, “1’i)c  oli}itc.r’s  Salul l l - relat ive vctocily  aflcr  lhc fiyby is lllcrr
ol)[air)cd by adding the s;][ctlilc.’s  Salllrll-cc.ll[crc<l  vcl~ity 10 lilt orbiter’s ~KN-ftyby  Vm.

‘1’}ic vccior (iiaglarn simwJ) in J~igurc  1 illms[raics  how a (Iiangc in (iirc.c[ion of IiIC Vm vc.ctor call rcsull ill ?

ciuingc in ho(i) rnagni[u(ic an(i direr.[ion of lhc orl)ilcr’s  S:l[(]rll-cc.[llcrc(i  vclocily.  ]n mic.r 10 avoid violating lilC
[)rincip]c  of conscrva[ion  of energy,  [lIc salcllilc’s Salnrll.rc]alivc  sl)cfrt  rfczrcasc.s  if tile f lyby irlcrcasc.s  lIIC
orbi[cr’s  Sa[urn-rcia[ivc.  spuxi  (and vice vc.rsa).  l]ccausc.  IiIC .v~tciii[c is so much more massive than tim orl)itc.  r,
(IIC change in [hc satellite’s spcc~l  is irtsignif]cari[.

According (O tile. above, c,qua[ion,  tiIc nmrc niassivc  [iIc ~a[clii[c,  the greater the bcn[iing  ang]c. “Jim o[lly  sa[ciiilc
of Saturn  whicil  is mamivc.  cnougi] 10 USC. for orbit control durinf~ a tour’ is ‘i”i~~n. I’hc massc,s of the otilcrs arc so
smal l  that cvc.n CiOSC,  fiyl)ys (within sc.vc.ral  hnndrc.d km) cttar}~c lim orbilcr’s  orbit olIly s]ighliy.  Conscqucrl[ly,
Cassilli  tours  consisl mos[iy  of Iilan fiybys. “1’ilis piacc.s  rc,slr ictions  on how tiIc  tour must k dcsif:ncd. }iacil
‘1’ilan  flyby rnus[ ])lacc ihc orbi[cr  on a [r:ijcc[ory  which Ica(is back 10 “J’itan.  “1’hc orbilcr  cannel bc large.lut 10 ii
fiyl)y of a sa[cllilc, o[ilcr  [Ilan ‘1’ilan unless [he Ilyt)y Iics  at[nosi  alonF,  a rctm pail)  10 ‘1’i[an.  Otllcrwisc, since. (IIC
gI avilalimlal  in fiuc,ncc of lilt olhc.r  sa[cililc.s  is so smali,  [tic. orhi[cr  will not bc :ib]c  10 rclnnl  10 ‘1’ilan,  and IiIc

lmlr Callrm(  Corl[illuc.,
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Euqy i Irrcasing,  (“pump up”):
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Ihcry,y  IJccrcasing (“pump down”):

crrbikr’s vclocily  vcclor rclalivc.  m Salunl (pro and Imsknyt)y)
‘1’i[an’s velocity vcmrr rcl;i[ivc  10 Sfilurn
orbilc.r’s  velocity vcctm relalivc  m “1’ilan along  an asymplotc (prc- and posl-flytry)

l:if,. 1. Vfxmr diagram illrrs[ra[ing  lhc usc of ~ravilalirmal  assist  to achicvc “orhil  pumping”

.7,1 l’uttq)irrg rind cranking

I:lyhys cm  k. used to achicvc  orbi/ pumpin~. [)IaI is, changi]]g  Ihc orbital period wi[h  respect to Saturn,  or rvbi[
crrmking,  changing lhc orbit  wittmul  changing ils period. increasing lhc period (rcfcrrti 10 as “pumping up”)
with  respect [0 (hc central body is accoln[)lisltcd  hy flying bcl!inrl  a .satcllilc’s trailing edge. Dcm2asing [hc pc-.i iod
(“lmmping  clown”) involves flying ahead  of ils lcadin~ edge. I:igurc  1 illuslralrxs  orbit  pumping<

l;lybys which ctlangc the orbital  pcrimi  also ro[alc  the lillc. of apsidcs ([he Iinc cxmnczting [hc pcriapsis  aIId
apoapsis  point.<)  and charrgc  the dis[ar]cc  of Ihc Pcrialm  fmn Saturn, I’hc  dircztion  in which the. Iinc of apsi(ic.s
is rmatcd rlcpc.nds  cm whclhcr  the period is incrcmcd or dccrcascd, and on whcthcf lhc flyby occurs trc{orc
Satum-rc]ativc  pcriapsc.  (“inbound”) or af[crward.s  (“outbound”). }’igurc  2 shows that an ou[bound,  ],cr iotl-
rcducing  flyby  (from  orbit A to orbit 11) ro[a[cs  the Iinc of aI)sidc.s  clrxkwi.sc, and an cm[hcruncl ~~.ri~l-irlcrc.:ltil~g
f] yby (from  D m A) ro[atcs  Ihc line c[w]tcrclock  wise. Rules for orbit  rrmlion arc Iistcd  in ‘f’able 1.
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:l’able:.l: Qrbil  Rcrta[im  Bul&s

[lncr~y  (pcrid)
FIyby  localirm incrcasirrg  flyby

Inbound Orrckwisc
(prc-pcria~,sc.)

()(lltrolm(l Crmn[erclrIck  wisr
(Imsl-pcrialxc)

No(c: Ck?ckbt’i.w’ r’oIrIlion  isin lhedirection  jronltl~c  initial
Sa(urn) low(lrd (he rv~ti-smr dirrmlion.

Energy (pcriml)
decreasing flyby

Counterclockwise

Clockwise

orbit orientation (near the dawn ternaina[or of

Orl)it  cranking is illus[ratcd  in }~i[!urc 3. As Illc.flgllrcsllou’s, in pure. orbit cranking the pm- and pos[- flyby
vctoci[y Ill:lglliltl(lc.srclativc  lo Salurn  :irc. ttlc.wlrllc.,  asarclllcI)rc-  ancfpos[-flyby  vclocily  nlagrli[lldcs  rclativclo
the s;ilcllilc.  Since ltlcSal\lr[l-ccillcrcIi  slw.c41s arclllcs  ll[)ct>cforcand  aflc.rthc  flyby, thcprc-  andposi-flyby
orllilal J)c.riods arc also  lhcsrrmc.
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v-, v+ z orbiter’s vclocily  vccmr  rclalivc  10 Srrlunl (prc- and posl-flyby)
Vsat = “i’ilan’s  vclocily  vczlor  rc.lalivc  [0 Sa[unl
}1.0. ,  \lcO+ , Olt)ilcr’s  vciociiy  vcl]or  rclalivc  10 “1’ilan  alollp,  an asylnptolc.  fire- an(i ~rosl-flyby)

I;ig. 3. Vcclor  diagr:im iliusiraling lhc u.sc of gravilaliona]  assisl  10 achicvc “orl~il  cranking”.

“1’lm Jigurc.  slmws that in pure crankinc,  lhc locus of :11 I possil)lc  VW vmors  aflcr a flyby Iic cm a sl)hc.rc  ccntc.rwl

al lhc hrxt of Vsat, and Lhc locus of all possitdc V vcclors  Iic cm a sJ)hcrc  ccmmt al lhc. lail  of V.Wt.  LJsing a
series of Imrc-c.ranking  flybys, the, hc.ads of Illc Vm and \’ vectors can bc placed anywhere on the circle of

intcrscc[ion  of tlmsc two spheres. (A single, llyl~y  can move the..sc vc.cmrs over only  a small arc in the circle., dIIC

10  Ixmdillg  aIIglc limitations.)

l’urc cranki[lg  changes orbital  incl ination and cccc,nlricily.  If lhc J>lanc  of lhc prc-flyby  Saturn-cc.ntc,rcd orbit is
ncm Saturn’s c.qua[or,  clanking  mosIly  changes the olbital  incl ination. ]f lk prc-fiyby orbital plane is
s ignif icantly inc]incd to [tic, c.quamr,  crankin~!  mos[ly change.s (tic ezccn[ricily  (i.e. l~riaimc  and alroal)sc  radii
change while Ihc scrnimajor  axis Icnglh rcmins conslanl).  (Sinm tlIc wri~ Of arl cllip[ical  orl)il  dcl~n(ls on ~tlC
Icnglh  of lIIC clliI)sc’s  sc.mimajor axis, lhc Sclni[]lajor axis icnglh musl tk kCpI  COnSMnI  in order 10 kcc.p pcl iod

consml.)



If [Ilc orbital period (i.e.., Va) and VW arc hcki consmt, pu:c orl~it  cr:lrlkin~  earl rai~ 1~1~ in~linaliOn  oldy m a
Illrrxinlunl  value which is dcscrihcd  hy lhc foll(lwin~ rclationshil~,  taken from Uphoff c1 rd:

w~}l~r~ ill.)ax  is  Ihc maximam inclinalicrn, Vs  i s  tlm rnagnitartc.  of “1’ilan’s  vclocily,  V- is [tic magni[udc  of [hc

or bi[cr’s  Satltrll-ccrl[c.rc(l  vcloci[y  before (IIc. Ilyt)y, and VW is Ihc hyperbolic C. XCCSS  spmd ([he n~agnimcic of the
V,m vcclm)  wilh rcspcc[  10 “1’ilan. As the. inclination gc.[s hif!hc.r, pare cranking causes greater changes in
l)c.riaJJsc/:]lwal)sc radii, and a smaller chan~c in inclination. “lWC lhcorc.lical  nlaximum  inclination is approached

asy]nplolically.  “Ihc firsl fcw flybys raise inclination nmsl of lhc. way, and [k lasI fcw dcgrc.cx  of inclina[iorr
rcqairc.  sc.vc.ral  flybys.

If V,- alrm is held constant, the rnaxirnum  inclination achic.vablc  wilh pm cranking change.s with orbital

]mrioti,  bccausc  varying period a[ cmrslar]l  VW causes V. 10 chance. l’hc Iowcr  lhc period, lhc higher  is lhc

Inaximurn  inclirlalion.

If llm  inclination 10 Samrn’s c~ualor is higtl,  lnlrc lmrn~)ing  ch:ingcs lIIC. inclirla[ion  significantly in addition 10
changing lIIC lwriod.  Rcducir]g Ltlc pc.rio(i illcrcascs  h inclination; increasing llIC period rcdaccs  [hc inclil]ation.

“1’hc ~[avi[atirmal  assis[  obtainc.d from a single sa[c.tli[c.  ftytly may coasist  of pm pumping, pm cranking, or
pun]l]ing  and cranking co]n]mncn[.s. ‘I”tlc m[al  hcnding  angle. (ob[airm!  from both pun~I)ing  and cranking
conllmncrl(s)  must  noI c.xccc.d Il)c value ot)taincd  frmn  the bc[ldirlg cqua[ion  al IIIC n~ininlam a l lowed flyi)y
altilu(ic.

Orllil  pm])ing  and cranking arc discussed in dclail in [Jphoff,  cl al.

.7.2 [)rl]il oricrrlation

“1’t]c  angle rnc.asurcd  clockwise at Satunl  I’ro[n the. Sa[arn-san  Iinc  to lhc apoapsc,  rcfc.rrc.d to as the. “orbi[
oricrllaliol]”, i s  al]  iln}mlan[  consi(icration  for lll{i~:rlcl(lsi)ilcric  otmrvalims. ‘1’l)c tinlc avaiiablc  for observations
of Sa[un)’s ii[ side. drxrc~asc.s  :IS LIIC. orhi[  romcs  [ow:ird [hc arl[i-sari dircc[ion. Arrival conditions  at Saturn  fix the.
i[]itiai  oricmta[ion  at abou[ 90  deg.  IMC to [i)c n~()[ion of Satul n aroand  li)c sun, k orbit  oricn[a[ion incrc.:iscs
wilt) l i m e ,  at a ralc of oricrr[alion  is aimrt  48 (icg. Pcrio(i-cilanging  targc[c(i ftybys wi)icil mla[c  [ilc i inc  of
al)si(ics  Inay k usc(i 10 a(i(i 10 or sah[racl  fronl  lilis (irifl in orl)il  Oricnla[ion.  I;igarc  4, rcfc.rrwi  10 as a “petal i)lol’(
bc.caasc. of li]c rcsc.rnblarlcc  of lhc orbils  10 lhc INlais of a ftowcr,  shows how k orbit rolams from the irlilial
Oric.lllalion to near  lIIC anli-san  dire . c l ion

(iircclion 10 liIc sun is flxcli.

?33 lrrin.~cr  orl,i[s of 180 ond 360 deg.

in ihc. ”sampic  mr. In Ihc crmrrfina[c syslc.rn u.scd in this figrrrc,  the

III flcncral,  the I)lanc of [hc Lransfcr orbil  bclwcln  any Iwo ftybys  is fonncd hy the position vcztors  C)f Ihc flyt~ys
from Sa[unl.  If tile angic bc[wc.cn Ihc imilion  vmors is olhcr ti)an 180 or 360 (tcg. (as is usuaiiy  Iilc case), lilt
ort)ilal  plane forrnc.(i by these two vccmrs  is urli(iuc.. an(i iics close m ‘1’itan’s  orbital I)lanc. which is ciosc to
Satanl’s  c.(iualor.  If the tiansfcr  angle is either 360  [ic.g. (i.e.., tllc Iwo flybys occur at ti]c same piacc), or 180 (iCg.,
an in flni[c. narnhcr of orbital planes c.or)ncct lhc ftyi)ys.  Irl this case, lhc plane of [hc transfer orbil  can IX inclirlc~i
significantly m tiic. i)lanc,t’s  c(iuator.  Any inciina[ion  can bc cimscm  for the. transfer orbil, as long as sufficicn[
i)crldinf:  is available from li]c flyi)y to gc.t to [hat inclillalior).

It can aiso IN mi(i timt if a s~)acccrafl)s  orbilai  i)ianc is sigrliflcantiy  irlciinc.(i to the cquamr,  tim transfer angic
bctwcc.11 any [WO ftyhys forlning  this  (Ml)ilill  I)larlc nlus(  bc nearly 180 or 360  rtcg.

I;ig. 4. “1’clal  p]ol” of sampic.  Cassini  tour, vicwc(i  from Salarn’s  norlh  ]mic.  Orbi  R arc i)lollc(i  in a relating
coordinate. syslcnl,  wilh lhc SalurwSun  (iircclioa  fIxc41  al [tic loI) of tile page..
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3.4 Inclinrrlirm requirc(lj{]r occultations of S(ilurn

Sa[uf-n’s cqua[orial  plane is Iillcd  28 deg. If) lhf cclil)lic. ‘I?]c dc.clination of Earth  with  rcspm 10 [hc Satun]ian

c.qumr  is zero only al IWO poinls  in Sahml’s crrbi[  about tk sun. TO arl riarth-hasd  observer, [hc rings  appear
edge-rrn only at those two points. AS it happens. lIIC rings IICVCI appear edge-on dllring  thc tour. Al the. time of
the. Cassini  space.craf[’s arrival, Ik dc~linatiorl  Of ~iarth  is -2S dcg; f~llr years Ialcr,  it is -7 kg. Unless the
dcclina[icrn  of Ekrrth is mw m’rr, a spacclrarl  orbil  ing in Salrml’s  Equatorial plane, dots not J)ass behind Salunl as
vicuwt from F.mh. In [his  case, occultations of  ILmh by Saturn  as vic+d from [k orbimr  can k achicvcd omy
by inclining the orbibl  plane m IIIC cquamr. “1’arl!clc{i .satc.llilc flybys arc nccdcd 10 rai.sc the inclination to Ihc.
rcqu i rcd val uc.

‘J’hc value of Ihc inclination rcx]uirc4i to auhicic  ii diarnclric  occultation (that is, to pass directly behind the ccntcr
of Saturn as viewed from Fm[h) is a fu]lc[ion  of Ihc tilt of Saturn’s cquamr  vicwc.d  from [larth,  and tk angle
bc.lwccn  the Sa[urn-sun  Iinc and lhc Iirtc  01 nodes (Ihc Iinc c.or)nczling  Ilm  points where.  the orbiter crossc.s

Satl]rn’s  cqualor). An illustmtion  of Ibis rclationslli])  is provided in I;igurc 5. For a givcrr cquamrial till angle
(i.e.., al any poin[  in Satunl’s  orhi[),  lllc irlclinali(m  require.d 10 Obtain a diarnc.tric occultation is minimiz.cd  when
k line. of nodes is pcrpc.ndicular m dIc Sa[urll-ILmh Iinc. 3“argc.[cd  sate.llitc flybys arc siiuatcd nearly along the
Iinc of nodes. It is desirable, there. fore., to locam ir]clirl:ltior]-r:iisirlg  flybys ncady perpendicular to the F.arlh line
in ordc.r 10 n~inirnizc. [he. inclinalirrn  (and lhcrc.fore, IIIC.  number of flybys) rc.quircd  to chain Occulla[ions.

Non-diarnclric  occultations (passages l~chirid  Saturn,  bul not bc.hind the. ccntc.r of lhc plane.[) can occur aI
inclinations sc.vc.ral  dc.grccs from hc value required for riiamclric. occultations. llmsc provi(tc less ir]formation

on Si~[urn’s amosphcric  s[ruc[urc  than (~cull:l{i(~ns  CIINC 1001 dirc~tly  behind the. ccntcr of h ~~larlc[, tmwcver.

l)lanc Corllainin[(
occllllallor)  mnc

k A ‘o’”’”

Occllllalioil I.ll)crrfllodcs
/0 I r

/

“\
Satllrnial]
equator

~, :III~]C, t)ctwccrl ]irlc,  of [Iodcs arl(! 1211 III lilk’,  l)I(Jjcc(cd  orl Saturrliall  cquamr

[} = dc.clination o f  Ilar[h
y: inclina[iol)  of plane conlailli[)g  (KC(lllillioll  /.r)llc (orl)itiil  plane. rc41uirc.d  to achicvc wcullalion)

I:i[:. 5. orbital gc4)nw[ry  required [0 achicvc (K’cUllillio[lS  of }larlh by Satunl,  as viewed from the (M bilcr.  “1’IIC
incli[lilli(m  required 10 acllicvc such an (Kcllll;lli(m is n]irlimi7.cA whc.n [k line. of node.s is pcrlxrdicular  10
the. Ilarth  Iirm

If the. closxxt  approacl)  point (iuring  a llyi)y is I’dr Ir(ml  Iilc  srrtc.llilc,  or if the satcllilc. is smali,  liw gravitational
c. ffcc[ rrf the flyby can bc snla!l  crmugl) Ii]al ll~c ainllN)in[  al lhc flyby ncc41 not bc tigl]lly  controlled. Sucli flybys
arc caiic(i “IIolll:irgclc< i”. I~iyi)ys  of “i”ilill) ;II (~is(allil’s  grcii[cr  [I)i)[]  25,000 kIII  and flybys Of .sa[c.lii[c.s  o[}m  ~han
‘1’i[an  at ciistanccs  of grca[cr  [ban a fcw IiI(uIs:IIItl  kIII ilrc considc.rcd  nonlargctcd flybys. I;lybys of sale.llitcs olhcr
t h a n  Tilan at (iistancc.s  up to a Icw IIKMIS:IIl(i  kIII IIIUSI  bc treated as “largctcd” f l ybys  10 acilicvc scicrltific
cri)jc.clivcs,  even thrrugi) [heir ~rilvilali(~ll:li illl’iil(vlcc  is snmil.  {)j)[ror[unitics  to achicvc  norrLargcwd  flybys of
smaiicr  salciiilcs  occur frcqucnl[y  durin~  li)~. [{NII. ‘i’hcsc arc ilnpor{ant for global  imaging.

.1, (’( )NS’l”i<AIN’I”S

“1’our (ic.sig[l  is Conslrilincli  i)y Illillly I“;lcl(ms, s(MII{’ 01” wilich  ale. duC 10 lilC l:lwS Of orbital rmctlanics,  aid otilws
of whic}l  arc urlrc. ia[c(i  10 limsc  l)tlysirai  I: IWIS. (’(lllSlrilillK arc. irn~roscd  duc 10 thC iirnits of hardware. ca[)abilitics,
ir)slrurncn[  rciial)iiily,  Olrcrilliorl:li  rlcccssili[ts.  ;III(i i~~l(i~clary  collccrns.



‘1’hc. mival conditions  at SrrIurn rrrc fixcli  by lhc. iii[c.rl)krnctary  mjmlory. ‘1’hc oll)ilcr mivcs al S:ilUrJI on 1 J u l y ,
?(K}4. “1’his  dam was chosen for reasons of PC.rforllmllcc  rind bccausc il i~rlllils  a flYIJY  of }’tl(wlw  On :q)ploacli  10
%luln.  ‘1’hc spaccrmfl  arrives from an orbit  nc-ru the ctliptic  plane., at an inclination  of approxillla[ciy  17 deg. to
Saturn’s c.c]ua[crr. A propulsive nmc.uvcr  is c.xccutcd  to in.wl ( IIIC orbiter i[llcr  orbil abml  lhc I)laIIcl.

“J’hc. tour’s n)axirnum  cturalion  has bcm .SCt al four years for bud~clary rc,asolls. “I”llc nominal  tour must 1X
fillishc.d  four years after inscllion  into orbi[ about Saturn.

‘1’hc, orbitc.r  musl  avoid crossing lhc ring plane wilhin regions in the ril”r.g systcnl  in which illlpaCL$  will] ])arliclcs

could cause dama~c.  in (his srrrnplc  tour,  ring plane crmsin~s  arc allowed 10 occur only at 2.7 Satuln  radii (}<S)
or y,rcatc.r,  for this rc.awm

‘1’i[an’s  atmosl)hc.rc.  imposes a n}inimum  flyby  altiludc.  constraint. “1’tlc.rnml  and a[ti[udc  C.olltrol cmlsidcratiolls
due to atmospheric (irag arc lIIC limiting fac(ors. ltrr llm  S?llIl)lc.  tour prc.sc.ntc.d  here, lllc Iowcr  alliludc  limil  is
assumcxi  to bc 950 km.

‘1’lw lime. intc.rval  t~lwcm largclcd  ftybys  ]nust bc Iargc cnoup,ll  10 allow detailed opcralirrnal Impartation for ltm
IWXt cncountcr  m occur. }:or  Ihc Galileo Inission  10 Jupi[c.r, IIlis inmval  was set al 35 days. AI [his  early skt~c. ill
lIIC Gssini l)rcrjcll, all lhc cfctails of operational prcimalim  lwlwccn c.rmunlc.rs  Imvc Ilol ycl bmn dccidcd UImII.
1 Iowcvcr, ihc advanced rtcsign of lIIC (:assini ground syslcrll is ca~rc.clcd  10 allow lllc lninimum  Iilnc, bc.lwccrl
flybys m bc as ]ow as 16 days for scvc.ral  Olbi[s, and probably in lhc range. of 19-20  d:iys  for the ~cs~ of Ihc tour.

(Jllly a limited ammmt  of l)ropcllant  is available for tour oIrcra[ions. Propctlall(  is used mlly  m ])rovide slnall
a(ijuslmc.n(s  10 the lrajcl.[ol  y ncccssar  y m navigate. lhc or bi[cr, 10 Iunl lhc orbilc. r ii) order m oblaill  Scic.rllific
01w13 vaiiolls  or 10 communic.alc  with  I;.:iI[li.

S . hfIY1’llOIX AN[) S()}~I”WARll

While. ttlc. basic Collccf)ls  used in mur dc.sip,ll  arc slraif,hlforv.wrd,  llm ~mc.c.ss of artivillg  al all c.stimalc of lllc. [our
ll:ijc.clol  y prccisc c.nough [0 bc C(msidcrc.d  flyable is hc.avily  dcl~n(icnt  on software an(i Ino(ic.r  II lligh-slrcd
coln~mlin~  lmrdwarc. ‘1’hc. dcsig[)  of a [our procczds  lhrou~h  IW O  slagc.s, inilial  (icsigll all(i o])lilllizalioll.  TiIc.
division of lhc Imcc.$s inlo lhcsc slagc.s is a c.onscquc])cc  of ll)c wade.off bclwcm  lilt illiliai  nctd for fas[ (I)u( Im[
IIcrc.ssaliiy  l)rccisc)  lrajc<lnry  Compula[iorls  for slu(iy imliroscs, and lilt.  cvc.nlual  nc.ccssi[y of ]mxiucillg a I)rclisc
cslin]alc  of lhc fllmi lr:ijc~lory  chosen wl]icil  rltillillliz.c.s  i)[o]~iiali[  cx[ml(iilurc..

“1’hc iniliai  (icsigll  is [ionc using higlliy inlcxaclivc soflwarc.  V,i]ich  cnabks  the u.scr I() c.vaiualc.  var ious lrajcclory
o])[ions quickly. lhc [our is dcsignc.(i  cm ftyby al a (illw. AI c.ach flyby, the user chooses froln  a set of ai{illmili[s
imsc.n[cd by tile pro~ram, c.rrch of which icads (o a ciiffcrcrl[  sulmqucn[  flyby. A( any lmin[  ill the tour, if (ilc.
user is (iis.sa[isflcd  w’i[tl  lhc. lrajeclory,  he or silt can rcluril [o any I)rc.vious  ftyl)y an(i cilcK)sc  a diffcrc.rl[  sc.~ of
encounters aflcr [hat flyby. in Iilis Fdshion, (tic usc.r can (iuickiy  c.vaiua(c wl)ich  lrajccloly  oplicms  best acilicve
Iilc scicn[ific  ol)jcclivels of IIlc (our wi[lmul  viola[ing  tile. lnission  constraill[s.

‘1’ilc rcsuit of lhc illiliai  (icsigll sla~c  is a mrrltmaaticai Icl)rcsclllalion  of cacll  orbit in lhc tour as an cliipsc  aboul
Salurn (and, wiml near a flyby, a ilylwrbo]a  alxmt lltc. flyby  sale.liitc). ‘Ihird-bociy  c. ffccls  such as lhc obia~c.nc.ss
o f  Saium an(i the. gravilalionai  c. ffc<l  of tl]c Surl, w h i c h  lnusl bc nlodcilc4i irl or(icl  [c) suc.ccssfuliy  f ly Iilc
lr ajc<lory,  arc so far unaccounlc.d  for. ‘1’hc,sc, arc rno(tc,lic(i in the. next s[agc, (iurillf, which lhc trajectory is
oj)linliz.c4f.  “1’hc illilial  rci)rc..smtalion  of lhc lrajc.clcrry  is usc(i  as a “first guess,” usc.(i  1 0  s[ar( (iIc 01)tinli7alioll

]mrcc.ss  in a scimralc. p r o g r a m .  l:lybys  arc  “coIIlrol  ix)inls” fmn which lrajc~lory  sc.~lllc.rlls  aTc. IIulnc.ricaiiy
irllc.gralcci forward an(i  backward 10 “brcakl)oin[s”  bclwcml f lybys. “1’hc irl[cgrator  inciu(ics rnul[itmiy
~iavitational  cffc~[s  as wc.li as sornc rlorlg[avi[alior~:tl”  cffc.c[s. lni[ial]y,  discontinuitics  in boll} pos i t ion  an(i
velocity  ai)ircar  at lhc hrcakpoinls.  in ordc.r to achicvc  a final lrajcc(ory that is continuous irl Ix)silion, constraints
arc imposcli  o n  lilt oplinli~.  a[ion rc,quiring  tlm[ I)osition (ii.w[)rltirl~lilics  al brc.akimints  bc mro.  “1’l)c. vciocily
(iisconlinuitie.s  rcpmc.nl  rnanc.uvcrs  which arc. rlczcssary  10 fly tim [rajc~.(ory.  ‘1’hc o~)[inli~.a[ior]  algol  ilhrn varies
!hr. flyby  liIIKX  and aimpoint$ on succc.ssivc.  ilc.ralirrrls  10 nlirlirlli~.c  (}IC wc.ighlcd Surll  of lhc AV’S,  in lhc ]Jr(~c.ss
(iriving m a n y  In:incuvcrs  10 >.cro. “1’hc c.slilna[c of to[ai  (ictcrrninis[ic  AV rcsuiling  froln this promss is almosl
atways ic.ss [ban that obtained from lhc. ini[iai  (ic.sign sia~c. ‘i’im rcsuil of (I)C.  Oj)limi?.ation can bc usc.ci  as a
nonlinai  Cslirnalc of a flyab]c  trajectory.

(). RIliLJi .“i’s

A  b r i e . f  surnrnary  of a sarnl~lc  tour,  silowing  [he. sc(iuc.nce of mgc.tcd cricourl(ers  anti s o m e .  objc.c[ivcs
acmrnplishcd  al each cmcountc.r, is prc.scnlrxi in ‘i’abtc 2. “i’his mm contains 4? larf:c[c.(i  “i’i[an  ftyt)ys  an(i  6 of
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othc.r srr[c.llitcs.  TWO targctwf  flybys of Ermladus  and llicmc  occur, as wc.fl as onc each of Iapc.ms and onc of
Rhea.

‘1’IIc firsl [hrcc.  I’itan flybys rcduc,c period and inclination. I’hc. orbiter’s imlination  is rcduccil  to near zero with
rcspczt  to Saturn’s equator only after tbc t}lird  flyby; thcrcforc, thmc three flybys must all take place at the same
place in q’i(an’s  orbit. q’hcsc period-rcxtucing flybys were rksip,ned to bc inbound, rather than oubound,  in order
m accomplish the additional goal of rotating the line of apsiclcs  coumr-clockwise. This moves the apoapsc
toward the sun line in order to provide tim for ob.scrvations  of Saturn’s atmosphere.

Aflc.r  the inclination has been rcdrrccd  ID mar Saturn’s c~uator, an ou[bound flyby of Titan occurs. changing  the
fI yby f[om  inbound to oulbound hc.rc orients the line of nodes nca: 1 y normal to Lhc Ilarlb Iinc. AS  prcviousl y

discus.scd, this gcmnctry  rr]inimiz.cs  ihc inclina~irm rc.quirc.d to achicvc an occultation of Saturn. IIcrc, the
nlinimum inclination rczfuircd is about 22 deg. “1’hc.  next two rrutbmuid  flybys increase inclination to this valrrc.
“l”IIc second of tbc.sc also change.s period LO 18.2  days. At this period, sc.wn orbi[cr  revolutions and cighl Titan
rc.volulions  arc conll)Ictcd before the next I“itan flyby, producing seven near-equatorial occupations of l:krrth by
Saiurrl  (one on cacb orbit). (M all cigh[ of these revolutions, the orbitc.r  crosses Sa[urn’s  equator nc.al };nc.cladusi
crrl~it - on the fourlh rc.volu[ion, the, scmrrd  targeted flyby of lhlcc.fadus  occurs. Enccladus’ gravity is too wc,ak to
disl)lacc  irlclination  significantly from the value r~quircd to acllicvc occultations.

Aflcr accomplishing thcs.c occultations, inclination is once again rc.ducc.(i to near  Saturn’s equator and a series of
altcnlating  ollttm~)r~d/~wrial  -rcfiucing  and inbound/ Pcrirx-increasing flybys is usc.d to roL~tc  lhc orbit  clockwise
toward dm n~agncLotail.  An ir~tc.rmrption  of this scquc.rm is allrrwcd  on the way to the mafylctotail to accomplish
a flyl)y of lapctus on 4/16/2006. A slight  incrc,asc  in inclination (to abou[  2.7 deg.) is required to targcl to
]alrc[lls.  ‘1’his  inclination is rc.moved at the first l“i[an flyby after Ialwtus.  A magnctotail  passage. occurs aflc.r the
‘J’itan  flyby on 9f23/XU36.  This flyby rai.scs inclination to shout 11 deg. in order 10 pass through Saturn’s curlc.nt
SIICCI near apmpsis  (at about 49 RS). AI distance.s this far fro[n Saturn, the current shc.ct is assumed to bc swept
away from Saturrl’s  cquamrial  plane by the. solar wind.
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Comnlcllts

Rcducc Ik.riod, inc]iliatiml

Rcducc period, ilvdination

Rcducc period, inclinalicm
l;ncc.larius  imaging
lncrcasc. inc. for Occulta[imls
8 Saturn/rin,g CWullalirms
I;ncc]acius imaging
Rcducc inclination
Rcdum inclination
Rotate clockwise
Rrtatc clockwise.
Rota(c clockwise
‘1’argct  m lapctus
lapctus imaging
Rotalc  clockwi.sc
Rrtalc clc~kwi.sc
Rotm clockwise
Rota[c  clockwise
Rota[c. clockwise
hfagnc.lolai]  pas.sage
Incmrsc.  inclillalioll
Increase inclination
lncrcase. inclination
]ncrcasc  inclination
Incrcasc. inclin:ilion
]ncrcasc  inclination
180-dc.g.  hallsfcr
Rcducc inclination
Rcducc inclination
RcdLIcc inclination
Rcducc inclination
Reduce inclination
Rc.ducc inclination
Ikducc inclination
Rcducc  inc., target to Rhea
Rhea ilnagi[ig
“1’argc.t to I)ionc
l~ionc imagirlg
‘1’argct  10 I )icmc

I~ionc imaging
}’osition node for max. irlc. sc.qucmcc
lncrcasc inclination
Incrca.sc inclination
lncrcasc inclination
lncrcasc inclination
lncrcasc inclination
Incrcmc  inclination
Irlcrcasc inclination

This inc]inalion-raising  flyby also begins a 180-dcg. translcr scqucncc.  ‘J’hc. next flyby  (on 1 l/10fl.(K)6)  JCXIUCCS
period to 16 days as WCII as raising irlclination.  I)uring the next 6 flyl)ys, Ix.riod  is kCIJl conlan[ at 16 days while.
inclination is raised as much as jmsiblc. As inclinatiorl  is Iaiscd, pcriapsis  radius  incrcascs  and al)oa[)sis radius
dcacascs  until the orbit  is nearly circularimd at an irlclil]a[ion  of about 60 dc~. ‘1’hc  orbiter’s trajc.ctory  tllcn



crosses ‘1’itan’s  orbit  al 1101 one., bu[ two points (lhc ammdin[:  alId  descending mXfCs),  making possibk a 1 80-[icg.
trallsfcr  from an inbound “]’itan flyby  m an ou[bound Titan flyl)y. After this  180-dc.g. lransfcr  is acccrmplishcd,
the next seven ‘1’ilan flybys, all of which arc oulbound, arc used m rcctucc  inclirlatiorl  as quickly  as lmsit)lc  to
nc.ar Saturn’s cqualor. Af[c.r rcac.hing  near.c.qllaloriai inclination, Ll!c next t~lrc~,  flybys are. Used to targc.t to icy
satc]litcs  (Rhea once., I)ionc  lwicc).

“1’IIc  orbiter is lhc.n targc.tcd 10 an outbound “1’itan flyby (On 1 1/19/-2007) placing thC lillc  of nCKlcs close to the sun

]inc. Star[ing  with this flyby, the rest of the. tour is dcvo[c.d  to a sequence of flybys designed [o raise inclination
as high as possible (in this case, to abou[ 75 (Ic,g.) h4axin~unl inclination is clc,sircd  for ring obsc,rv ations ancl  in-
situ field and par[ic]c mc.asurcrncnts.  in this srrmplc  tour,  the orbits during this r~~axir]]llrl~-irlcl iIlatiorI  ftyby
scqucncc arc oric.ntc.d  nearly toward the sun, away from the. n]agl]ctolail,  in order to assure several occultalio]ls
of llar[h by Satunl  and lhc rings at close dislanccs  durirlg  this  scilucncc.

l)uring  this flyby scqucncc, first orbit cranking, and the.n orbit pumping (after a mcrdcralc inclination has bmn
achicvcxl) arc used 10 incrc.asc. inclinalioll,  c.vc. nlually rcdrrcirlg  tlm orbit period 10 7.1 days (9 orbilc.r  rc. volutiolls  :
4 ‘1’itan rcvoluticms).  “1’hc closest approach alliludc.s during this scqucr]cc  arc kept at the rninilnum allowed value.
in order to maxim iz.c graviuitional  assis[  at each flyby.

Whcm the lirlc of node.s is as close to the sun Iim as it is in this sample tour, occultations of IL~rltl by Saturn arc.
achicvcd  on c.very orbit aflcr the nlinimum inclination requ i red to  achic.vc  cmulta[ions  is cxcc.c.dcd ( w h i c h
occurs after lhc first fcw flyl)ys). Whcrr lhc. inclination is much grc2tcr than the. required nlininlurn,  ttm entry and
exit points arc nc<arcr  Saturn’s pole regions than ils equator, ‘Ilmsc  occulL3tions  provide valuable. information orl
Saturn’s atrnosphcrc; however, lhc.ir entry and cxi[  ~mints  arc too far from the equator to allow  passage bchird
the rings. in all, the szzmplc  tour contains 36 occultations of I;arlh by Salurn,  7 of which arc Ilcar-equatorial. and
17 of which occur during the lllaxilllllrl~-  irlclirl;lliorl  scque.ncc.  ‘l’tic rc.maining  12 arc grazing occultations wliich
occur during other portions of lhc tour.

I:iftcm occul[alions  of };arltl  by “1’ilan  cccur CIurillg  the. san]~}lc tour, allowing lmobing  of ‘1’ilarl’s  alnm~)llc.rc.,  ‘I”hc
42 I’itan  flybys provide op~xmluni[ics  for radar ccrvcragc of various portions of ‘J’itan.  Bcc:iusc  of conflictirlg
scientific require.rncnts and orbi[cr  opcra[ing  constraints, radar swaths cannot bc taken al c.vc.ry flyby. Similar
flybys (for cxarnplc, irltmtrTld/~wrid-rcdlrcillg  flybys) have similar ground tracks.

‘1’IIc  tour cmds  on 1 July, 2008, 4 yc.ars af[c.r insertion into orbit  about Saturn. ‘1’hc airnjwinl  at lhc. List flyt)y, or)
5/?9/2008, is chosen 10 [argc.t [hc orbi[cr  to a sut)scqucn(  ‘I”itarl  flyt)y  to provide. the. opporh]llily  to ~mccd wi[h
IIlorc. flybys during all  cxlc.rded lnission,  if rcsourcc.s atlow.

7. U)N(:l .IJSIONS

‘1’he. diver.sc Scic.n[if]c objc.ctivcs  and n}ul[i~)]c corMrainL$ of the. ~assini  llliSSiOIl  make. it an lrl[CrC.Slillg  C] M]] CTISC
10 design a sate.llilc lour  which can fulfill the prornisc.  of this c.xciling mission. “1’llc large cx]k.ricncc.  tnsc in tour
design accumulatcxl during lhc Gal ilc.o mission to Jupiter hc.l])s in mczting  this ct~allc.ngc.  I lowc.vc.r,  di ffcrcmccs
bc.twcm the, Saturni:in  and Jovian cnvirorlrnc.n[s  arid  the scic.ll[ific  objc.c[ivcs  of Cassini  and (;alilc.o  rlc.c.c.ssi[a[c.
dcvclopmcm of new tour design tczhniqucs  for ~assini. ‘l”hc wrnplc.  tour prc.$c.n[c.d here. illus[ratcs  rnc.hds  of
des ign ing Cassini  tours  whic}l  achic.vc lhc missiorl’s  scientific objcclive.s whi]c  meeting rllissi(~rl-irll])osc.cl
cons[rain[s.  l’radc-offs  idcntific~  during the. course of dc.signing  this sample. tour will bc cxarninc.d  furlhcr in
prc.j)aralion  for (lcsign  of the final ~assini  tour.
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